Abstract. Soil degradation and desertification are key problems facing Mediterranean ecosystems and these have worsened recently with the increasing frequency of fires. Moreover, rainfall in western Mediterranean areas is characterized by high intensity, and extreme rainfall events after fire strongly affect the equilibrium between soil erosion and vegetation recovery. These facts led us to carry out experimental fires in a fire-prone vegetation community (dominated by Mediterranean gorse, Ulex parviflorus Pourr.) to study the effect of a torrential rainfall event (through rainfall simulation) on the short-term vegetation regeneration process (seedling emergence and survival). The results indicate that, in Mediterranean gorse shrublands after fire, an extreme precipitation event does not affect seedling emergence (either through seed loss or from seed germination). In contrast, it has a significant effect on the reduction of seedling survival both from direct impact (seedlings buried by sediment or seedlings totally or partially unearthed) and indirectly as a result of soil and litter losses. As a consequence, the combination of fire and torrential rainfall has an important and persistent effect on vegetation recovery, and may cause further degradation, which eventually becomes irreversible.
Introduction
Soil degradation and desertification are key problems facing Mediterranean ecosystems (Albaladejo et al. 1998; Cerdà 1998; Imeson 1998; Lavee et al. 1998; Puigdefábregas and Mendizabal 1998; Brandt 2000) and these have worsened recently with the increasing frequency of fires (Piñol et al. 1998) acting in tandem with the occurrence of highly erosive extreme rainfall events (Peñarrocha et al. 2002; De Luis et al. 2003) .
In western Mediterranean areas, most forest fires occur in Pinus halepensis forests established on old croplands located over marl soils (Moreno et al. 1998; Vallejo and Alloza 1998) that are highly sensitive to erosion (Cerdà 1993) . Under these conditions, where woody resprouting species are scarce, postfire woody regeneration is primarily produced from obligate seeder species (Vallejo and Alloza 1998) and forest regeneration has resulted in the spread of Mediterranean gorse (Ulex parviflorus Pourr.) (Baeza 2001) . Mediterranean gorse accumulates standing biomass with a great proportion of fine dry fuel, increasing the risk of new severe fires, which in turn strongly increases the risk of erosion (Baeza et al. 2002; De Luis et al. 2004a) . Trabaud (1998) pointed out that the increase in the frequency of fires plus the occurrence of other disturbances that occur immediately after fire could be particularly relevant, since they can produce abrupt changes in the dynamics of these ecosystems (see also Lloret 1998; Morrison and Renwick 2000) . Under these circumstances, extreme rainfall events after fire could play a decisive role in the equilibrium existing between two constrained processes: soil loss from erosion on the one hand and vegetation recovery on the other (Thornes 1985) .
Rainfall in western Mediterranean areas is characterized by high intensity , and rainfall events above 200 mm/24 h are common throughout this area, reaching their minimum return period (less than 50 years) in the Central Valencia region Peñarrocha et al. 2002) . Such extreme rainfall events play a decisive role in the dynamics of erosion (Edwards and Owens 1991; Inbar et al. 1997; Meyer et al. 2001) , especially in most littoral western Mediterranean areas, due to the time sequence of fires, usually in summer, and torrential rainfall episodes, usually concentrated in the autumn (Olcina 1994; Moreno et al. 1998 ). Therefore, a high-risk situation is presented by the combination of two disturbances that could have an irreversible effect on the existing equilibrium between soil erosion and vegetation recovery (Kutiel et al. 2000) .
This paper examines the short-term effects of torrential rainfall after fire on seedling emergence and survival using rainfall simulations in the fire-prone vegetation community of a Mediterranean gorse shrubland. We discuss the effects of both types of disturbance (fire and torrential rainfall) on plant regeneration processes and the implications this has for degradation in these ecosystems.
Methods

Study area
The study was carried out in the Sierra de Onil (00 • 39 lat; 38 • 43 long; 800 m a.s.l.), 40 km north-west of Alicante (eastern Spain) on three 21-27 • sites facing S, NE and N. According to the nearest weather station (Bañeres, located 5 km N of the experimental areas), the climate is dry-Mediterranean (mean annual precipitation is 466 mm) and the mean monthly temperature is 13.8 • C. Soils are loamy Typic Calcixeroll developed on Miocenic marls (De la Torre and Alías 1996) with high carbonate content (García-Cano et al. 2000) .
On each site, we selected two 33 × 33 m areas and one of them was burned in October 1996 (Fig. 1) . The fires were ignited in the upper part of the plots with the fire fronts being made in a continuous line downhill. Absolute maximum temperatures registered at soil surface ranged from 260 to 410 • C and litter debris ranged between 46 and 237 g m −2 . In all cases, the experimental fires performed could not be considered typical of wildfire on this vegetation community, and the results obtained must be interpreted as those expected for the minimum intensities and severities for these ecosystems (see details in De Luis et al. 2004a) .
Two months later, rainfall simulations were conducted in burned and unburned areas on 2 × 2 m plots. Control plots (without rainfall simulation) of the same dimensions were delimited on each burned and unburned area. For rainfall simulations we used a 2.5 m-high metal scaffold with a jet of water providing a 7-m 2 rainfall cone with 86% spatial homogeneity (Fig. 2) . The rainfall intensity applied was 2.6 mm min −1 for 105 min (= 156 mm h −1 , see details in González-Hidalgo et al. 2004) . During the simulation, runoff and sediment samples were collected at 5 min intervals (Table 1) . Samples of sediment were dried and weighed under laboratory conditions. Presence of seeds was checked in each sediment sample. Changes in soil level and presence/ absence of ash and litter before and after treatment were measured by using a 2 × 2 m metal frame in a 25 × 25 cm grid temporarily fixed to the four corners of the plot (see details in De Luis et al. 2003) .
Sediment yield ranged from 30 to 842 g m −2 , representing an average soil loss of between 0.66 and 3.30 mm. At the microscale, soil removal varied greatly over distance, and we found places where soil loss was greater than 15 mm, while others showed gains of over 10 mm (Fig. 3) . Similarly, a significant reduction of ash and litter debris cover was recorded after rainfall simulation (Fig. 4) (see details about spatial variability of these values in De Luis et al. 2003) . 
Seedling monitoring
Immediately after fire and for the next 3 years, seedling emergence was monitored for all species presented in two 1 × 0.5 m 2 areas within each 2 × 2 m experimental plot. Seedlings were identified, mapped and checked for survival rates twice a month at first, then monthly, then once every 2 months and finally, each season (Fig. 5 ).
Seedlings were grouped into cohorts according to their date of germination. Each cohort included seedlings that emerged between the previous and the current sampling date. Dates of sampling are shown in Table 2 . Within each plot, we also recorded the specific location of each seedling, their ground-level position at the microscale, the type of organic matter remaining after fire, and the ash cover. (exposed roots; physically damaged or buried seedlings) were determined. Each seedling was determined and, thus, 15 species were identified. In unburned plots seedling emergence was also monitored but in all three sites no seedlings were found. In burned areas the most abundant species was Cistus albidus with 931 individuals, followed by Helianthemum marifolium (578), Ulex parviflorus (327), Ononis fruticosa (281) and Rosmarinus officinalis (90). A set of 10 other species of less than 50 seedlings was also present.
Statistical analysis
The effects of simulated rainfall treatment on seedling emergence number were checked for each species using ANOVA. Only germinations that occurred after rainfall treatment were considered (cohorts 4-12) in this analysis. M. de Luís et al. The Kaplan-Meier method (Kaplan and Meier 1958 ) was used to analyse differences arising from rainfall treatment on seedling emergence and survival curves. The log-rank test (Pyke and Thompson 1986; Le 1997 ) was used to detect differences in shape both for cumulative germination and for cumulative survival curves.
In the case of seedling emergence curve analysis, only germinations occurring after rainfall treatment were considered (cohorts 4-12). Statistical differences were checked for each species using P < 0.05 as the significance level.
In considering seedling survival, due to low replication of species in each cohort, comparisons were restricted to cohorts (all species considered together). Statistical analysis was also restricted to the six most abundant cohorts (cohorts 1-6). For these cohorts, the same test was run to detect differences due to rainfall treatment in different periods:
• Period 1: from fire to 1 May (5 months after rainfall simulation); • Period 2: from 1 May to 1 year after treatment; • Period 3: the second year after treatment; • Period 4: the third year after treatment.
Results
We did not find any significant differences in the number of seedlings that emerged after rainfall treatment between the fire plots (F) and the fire + rainfall-simulated plots (F + R) (Table 3 ). In addition, no differences were observed in seedling germination dynamics due to rainfall treatment ( Fig. 6; Table 3 ).
In contrast, survival was highly affected by rainfall treatment. The occurrence of one extreme rainfall event after fire significantly reduced seedling survival ( Fig. 7 ; Table 4 ). The main differences were observed in cohorts 3 and 6, where rainfall treatment caused a reduction of 45% and 47%, respectively, in seedling survival. In cohorts 1, 2 and 5, the reductions were 36%, 33% and 37%, respectively. Only in cohort 4 was no significant effect found for rainfall treatment on seedling survival. However, variations of mortality within cohorts due to rainfall treatments did not occur continuously or in a homogeneous manner.
Seedlings of cohorts 1, 2 and 3 emerged before we applied the rainfall simulation and they then suffered from the direct impact of the treatment. However, the effect of rainfall treatments significantly differed in these three cohorts.
In seedlings that emerged just before rainfall treatment (cohort 3), we observed an immediate and significant increase in mortality associated with rainfall treatment (81% survival in Fire plots and 57% in Fire + Rainfall plots). Furthermore, in Fire + Rainfall plots 45% of mortality was related to physical damage caused by the direct impact of the rainfall treatment: 32% of seedlings died with exposed roots as a consequence of topsoil removal and 13% were totally buried by sediment.
In cohort 2, whose seedlings germinated 1 month before rainfall, the direct impact of treatment was just on the limit of statistical significance (79% v. 65%), and no difference was found for seedlings that emerged 2 months before rainfall (cohort 1: 70% survival in both treatments) (Table 4) . These results suggest that the direct impact of treatment may cause a severe reduction in seedling survival, but this effect mainly occurs in more recently emerged seedlings.
Moreover, torrential rainfall treatment has indirect effects on seedling survival. As a consequence of rainfall treatment there were persistent effects from the removal of topsoil Table 3 . Number of seedlings that emerged after fire in each experimental unit 'Before rainfall' columns indicate the number of seedlings emerged in Fire (F) and Fire + Rainfall (F + R) plots before application rainfall treatment. 'After rainfall' columns indicate the number of seedlings that emerged in Fire and Fire + Rainfall plots after application rainfall treatment. In this case, the ANOVA test for differences in seedling number due to simulated rainfall treatment and log rank test for differences in seedling dynamic have been applied and loss of ash and organic matter, which seemed to be the cause of increased seedling mortality during the first year of establishment (period 1, from day 204 to day 437) (Table 4) . During the second and third years survival rates stabilised, and a significant occurrence of mortality was detected only in the second summer after fire. During this period, no difference in mortality was found to be associated with the rainfall treatment, which indicates that a lack of compensatory mortality in the control areas (Fire) caused the above-mentioned differences between treatments to persist.
Discussion
Extreme rainfall events and erosion
Extreme rainfall events are not a rare phenomenon along the East Coast of the Iberian Peninsula, particularly in the Valencia Region (Peñarrocha et al. 2002; González-Hidalgo et al. 2003) . In this area, there have been some of the highest rainfall events of the 20th century in the Mediterranean Basin, and extreme rainfall events higher than 800 mm day −1 have been registered in several stations of the region (Oliva, 1987: 817 mm; Xabia, 1957 : 878 mm; Pobla del Duc, 1977: >1000 mm). Return period analysis indicates that more than 100 mm day −1 can be expected in different areas of the region for return periods even lower than 2 years (De Luis 2000; Egozcue and Ramis 2001). Rainfall intensity is one of the main causes of erosion concentration in time and this is especially true where forest fires are an additional recurrent perturbation.
Soil losses observed on our burned soils associated with simulated rainfall are similar to those described by other authors under extreme natural rainfall events. Thus, Imeson (1983) describes losses of between 117 and 504 g m −2 associated with a single rainfall event and Bautista (1999) and González-Hidalgo (1992) 500 g m −2 for the maximum rainfall event in their studies. Losses can even be higher, as described by Albaladejo and Stocking (1989) in 800-m 2 microcatchments or Sánchez (1997) in plots where single rainfall events produced soil losses of 1120 and 5000 g m −2 .
Consequences on seedling emergence
In spite of soil losses observed in our simulated rainfall experiences, the loss of seeds through runoff was nil. Other work has shown that, after fire, the effects of rainfall on the loss of seeds are negligible (Cancio et al. 1993; García-Fayos et al. 1995; García-Fayos and Cerdà 1997) . However, due to the high intensity and magnitude of rainfall applied in our experiment, we expected some losses. This was not confirmed but we did not find any seeds belonging to any species when the sediment was analysed. Also, no differences in seedling number were observed between the Fire and Fire + Rainfall plots, indicating that mechanical scarification of seeds during runoff (Schimmel and Granström 1996; Pugnaire and Lozano 1997; Castro and Romero-García 1999) did not play an important role in triggering germination in the species involved. Similarly, we had expected an increase in seedling emergence triggered by water surplus provided by rainfall simulation. The absence of any difference highlighted the fact that, under experimental conditions, soil water content was high enough to minimise the effects of extra water applied. This result agrees with the results of Pérez-García (1997) on Cistus ladanifer on a soil water content gradient, where no positive correlation between soil water content and germination 1996 1998 1999 1997 1996 1998 1999 1997 0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 Fig. 7 . Cumulative survival curves of each cohort (including all species) observed for Fire and Fire + Rainfall treatments. Experimental period covers from Autumn 1996 to Autumn 1999. Vertical arrows indicate date of application of fire and rainfall treatments. Cohort 1: all seedlings that emerged during the first 15 days after fire; cohort 2: those seedlings that emerged from the 15th day to the end of the 1st month; cohort 3: all seedlings that emerged between the 1st and 2nd months; cohort 4: from the 2nd to the 4th month; cohort 5: from the 4th to the 7th month; cohort 6: from the 10th to the 13th month after fire. --, Fire. --; Fire + Rainfall.
rate was found. This fact seems to indicate that a large amount of water is not required to activate emergence in these species. When all of these facts are taken together, the experiment showed that the extreme rainfall treatment did not have any significant effect on the number of seedlings or on seedling emergence dynamics.
Consequences for seedling survival
The sediment yield after rainfall simulations represented an average soil loss of between 0.66 and 3.30 mm. However these values varied highly inside the plots, and places were found where soil losses were higher than 15 mm, while others showed gains of over 10 mm .
Topsoil removal has been shown to be a direct cause of mortality, due in part to some seedlings being directly buried by the sediment, and in part to others being totally or partially unearthed. In this process, the dates of emergence play a decisive role, and the direct impact of torrential rainfall mainly affects seedlings that emerge 1-2 months after treatment.
However, torrential rainfall treatments have other effects on seedling survival apart from the direct ones. Its effects, as a consequence of topsoil removal and ash and organic matter losses, are persistent in time and increase seedling mortality. The effects of topsoil removal, crusting, and ash and organic matter losses due to erosion have been described as being detrimental to seed germination and plant growth (Rathore et al. 1983; Rubio and Escudero 2000) . However, the existing information on their influence on seedling survival is both scarce and contradictory. Some authors describe a positive effect mainly relating to increases in water retention and availability for seedlings, while others describe a globally negative effect associated with an increase in competition or with the inhibiting effects of ash and litter (Fowler 1988; Enright and Lamont 1989; Lamont et al. 1993; Robles et al. 1998; Xiong and Nilsson 1999; Escudero et al. 2000) . Under Mediterranean conditions, summer water stress is the main limiting factor in vegetation regeneration and in our experimental conditions, a protective cover of ash and litter seems to play a critical role in water retention favouring survival. Thus, in habitats with a wide cover of organic matter (such as we found in the Fire plots), seedling survival was significantly higher than observed on bare soil patches (highly abundant in Fire + Rainfall plots).These facts suggest that, under our experimental conditions, the positive effects of litter on water retention compensate any possible negative effects described for litter patches.
Implications for erosion processes
Fires and desertification are among the most important environmental problems in Mediterranean ecosystems. This is especially true in fire-prone communities such as Pinus woodlands or Mediterranean gorse shrublands colonizing abandoned agricultural land where woody resprouters are scarce (Abad et al. 1996) . Under such conditions, post-fire vegetation is dependent on obligate seeders and sprouting perennial grasses.
Perennial resprouter grasses have a higher survival and faster growth rate and usually dominate the first stages of post-fire recovery in Mediterranean systems (Naveh 1974; Caturla et al. 2000; Vilà et al. 2001; De Luis et al. 2004b) . They represent a key element in controlling erosion in the primary stages of post-fire vegetation development (Cerdà 1998; Chirino et al. 2001) . Thereafter, shrub plants create a stratified cover that is extremely efficient at controlling erosion (Thornes 1990; Casermeiro et al. 2004) .
The effect of a single torrential rainfall event after fire significantly affects both vegetation functional groups. On the one hand, as described De Luis et al. (2004b) , erosion generated by torrential rainfall causes the removal of ash, litter and topsoil, generating substantial sediment loss and changes in micro-soil levels leading to exposure of the fine surface roots of perennial resprouter grasses and causing a reduction of 50% in vegetation recovery. On the other hand, as we show in this paper, torrential rainfall after fire significantly reduces seedling survival that will similarly affect the stratification of vegetation cover and so increase the risk of erosion in the medium and long term.
Conclusions
Intervals between the return of fire have decreased in some areas of the Mediterranean Basin. By contrast, rainfall concentration and intensity have increased in the Region of Valencia and in other Mediterranean areas. Based on simulated rainfall of 2.6 mm min −1 over 105 min in Mediterranean gorse shrublands, following fires of low to moderate severity, we found that the occurrence of an extreme precipitation event did not significantly affect seedling emergence (either through seed loss or from seed germination). It did, however, cause a reduction in seedling survival. As a consequence of the impact of a single extreme rainfall event, a significant number of recently emerged seedlings were buried by sediment while others were totally or partially unearthed. Moreover, erosion generated by torrential rainfall caused the removal of ash, litter and topsoil, which causes, a further reduction in seedling survival in the medium term. We conclude that the effect of torrential rainfall causes not only heavy soil loss but also a strongly persistent effect on vegetation recovery that alters the equilibrium between erosion and vegetation recovery. Changes in this equilibrium may lead to further degradation and eventually to an irreversible degradation process.
